Introduction
Carbon, such as glassy carbon, carbon fibers, graphite or carbon black, has received grown interest as electrode material because it exhibits several unique properties, including good electrical conductivity, chemical inertness and wide electrochemical potential window, particularly in the positive range, being used as the conductive phase in composite materials for electrochemical sensors [1, 2] .
A composite can be defined as a material composed of at least one conducting phase commingled with at least one insulator phase [3] , the last acting as an agglutinant. Carbon composite electrodes, obtained by using a mixture of particulate conductive carbon phase and an insulating matrix, represented an attractive approach to the fabrication of electrochemical sensors, whose surface can be renewed by polishing.
Several examples of graphite composite electrodes where described in the literature, being used for amperometric and voltammetric determinations and quantification of different analytes, especially concerned with the use of polymers as agglutinants, such as epoxy [4, 5, 6] , polyester [7] , PVC [8] and polypyrrole [9, 10] . This type of solid composite graphite electrodes exhibit several important properties, such as polishing surface regeneration, rigidity, easiness of fabrication, economy and possibility of using in nonaqueous solvents.
The use of a carbon composite material prepared from castor oil derivative polyurethane and graphite as an electrode material has been proposed [11] [12] [13] [14] [15] . The graphite-polyurethane composite presents a number of important advantages, such as reduced risk to the environment since the vegetable oil is a renewable raw material, low temperature in the curing process, easiness of preparation by simply mixing the polyurethane binder with carbon and eventual modifiers, high hydrophobicity and resistance to many nonaqueous solvents, acid and basic solutions. In addition, the hydrophobic character of the polyurethane resin also prevents the swelling effect observed for epoxy resins composites when electrodes are used in aqueous media.
Atomic force microscopy (AFM) is a powerful and versatile technique for imaging surface topography, offering the unique possibility to quantify the roughness of the surface at a nanometer level with high resolution. AFM allows imaging in ambient conditions without any additional sample preparation such as gold coating as required for scanning electron microscopy, which makes it an ideal technique for the investigation of the effect of surface roughness of carbon composite electrodes.
The aim of this work was to perform an AFM study to enable the understanding of the electrode surface morphology of composite electrodes prepared by graphite agglutinated by castor oil derivative polyurethane at the nanometer level, and the electrochemical characterisation by cyclic voltammetry and electrochemical impedance spectroscopy of the electron transfer processes at the graphite-polyurethane composite electrode surface. Systematic AFM and electrochemical studies of different weight percentages of graphite, 30 -70% graphite w.w -1 , in the graphite-polyurethane composites electrodes were carried out.
Experimental

Materials and reagents
Solutions of potassium ferrocyanide K 4 Fe(CN) 6 from Merck were prepared in 0.1 M phosphate buffer in pH = 7.0 electrolyte solution. All experiments were done at room temperature (25 ± 1 ºC). All solutions were prepared using analytical grade reagents and purified water from a Millipore Milli-Q system (conductivity  0.1 S cm -1 ).
Graphite-polyurethane composite preparation
The electrodes were prepared using different weight percentages of graphite, 30 -70% graphite-polyurethane w.w -1 [11, 12] .
The castor oil derivative polyurethane resin (POLIQUIL Brazil) was prepared by mixing 0.85 parts of the pre-polymer (A-249) and 1.0 part of the polyol (B-471) (w.w -1 ), according to the manufacturer instructions.
The polyurethane resin was mixed with < 20 μm diameter graphite powder (Aldrich, USA) in order to obtain 30, 40, 50, 60 and 70% graphite-polyurethane w.w -1 in the composite.
The graphite-polyurethane composites were inserted in a hand press and extruded as rods with 3 mm diameter and cut in 1.5 cm long pieces.
All the graphite-polyurethane composite electrodes were polished in a 600 grit sand paper and again with γ-Al 2 O 3 (1 μm) suspension with an APL-2 polishing wheel (Arotec, Brazil), and sonicated in water followed by isopropyl alcohol, five minutes in each solvent.
Atomic force microscopy characterisation
The surface morphological characterisation of graphite-polyurethane composites was performed using contact mode AFM in air. AFM was performed with a PicoSPM interfaced with Where Z i is the height value at the i point in the image, n is the number of points in the image and Z average is the average height calculated by:
The r.m.s. roughness mean values and the standard deviations presented in the paper were calculated using different AFM images taken at different locations on the surface of the polyurethane and graphite-polyurethane composite electrodes.
Cyclic voltammetry and electrochemical impedance spectroscopy
The voltammetric experiments were carried out using an Ivium CompactStat running with Ivium software (Ivium Technologies, The Netherlands). A system of three electrodes was used, which consisted of an SCE as reference electrode, a platinum wire as auxiliary and graphitepolyurethane composite working electrodes prepared as described in Section 2.5. All electrochemical measurements were performed in a Faraday cage. Cyclic voltammograms (CVs)
were recorded at different scan rates using a 2 mV step potential and scan rate 100 mV s -1 .
The electrochemical impedance spectroscopy (EIS) measurements were carried out using a perturbation of 10 mV. The data was collected for 58 harmonic frequencies from 50 kHz to 0.1 Hz, at 10 steps/decade, and different polarisation potentials: +0.00 V, +0.25 V and +0.40 V vs. SCE. The impedance spectra were analysed by fitting to a Randles-type equivalent electrical circuit using ZView software (Scribner Associates, USA), Scheme 1.
The R  is composed of the solution and the bulk composite resistances.
The constant phase elements, defined as:
is modelled as a non-ideal capacitor where the capacitance C describes the charge separation at the double layer interface and the α exponent is due to the heterogeneity of the surface.
The R ct is the charge-transfer resistance.
The definition of the Warburg element used is:
Where R diff is a diffusion resistance of electroactive species,  is a time constant depending on the diffusion rate ( = l 2 /D, where l is the effective diffusion thickness, and D is the effective diffusion coefficient of the specie), and α = 0.50 for a perfect uniform flat interface.
Values of α less than 0.50 correspond to a not uniform interface (as happens with CPE non-ideal capacitance when α < 1).
Graphite-polyurethane composite electrode
The graphite-polyurethane composite electrodes, used in the voltammetric experiments,
were prepared gluing with silver epoxi a conductive wire to the graphite-polyurethane sample.
After drying, the contact was isolated with epoxy resin.
The graphite-polyurethane composite working electrodes were polished using diamond (particle size 1 m) (Kemet Int., UK) before each electrochemical experiment. After polishing, they were rinsed thoroughly with Milli-Q water. Following this mechanical treatment, the electrode was placed in a buffer supporting electrolyte and voltammograms were recorded until a steady state baseline voltammogram was obtained. This procedure ensured very reproducible experimental results.
Results and Discussions
Atomic force microscopy characterisation
The surface morphology of the graphite-polyurethane composite electrodes influenced their electrochemical properties, and was investigated by AFM in air. The AFM topographic Taking into consideration all the AFM results obtained for polyurethane resin and graphite-polyurethane composite surfaces, it can be concluded that the r.m.s. roughness of the polyurethane decreased drastically after the incorporation of the graphite powder, as can be observed in the histogram, Fig. 3 . This is due to a decrease of the polyurethane hardness after the mixture with soft graphite particles, the composite surface being easily and smoothly polished.
The smoother graphite-polyurethane surfaces were obtained for 50 -60 % graphite-polyurethane w.w -1 .
Electrochemical characterisation
Cyclic Voltammetry
CVs were obtained with all graphite-polyurethane composite electrodes for different scan rates in solutions of 1 mM K 4 Fe(CN) 6 in 0.1 M phosphate buffer pH = 7.0.
The 30% graphite-polyurethane w.w -1 electrode did not show any electrochemical response due to a high ohmic resistance. The ohmic resistance decreased suddenly from ~ 30 M, in the case of 30% graphite-polyurethane w.w -1 , down to 35  for the 70% graphite-polyurethane w.w -1 , in agreement with CVs results [11] . The oxidation and the reduction peak potentials were slightly shifted to more positive and more negative potentials, with increasing scan rate, Fig. 4A .
Also, the peak width decreased with increasing graphite percentage. From the relationship:
where α is the charge transfer coefficient and n' the number of electrons transferred in the ratedetermining step, and considering n' = 1, the charge transfer coefficient α, calculated for each graphite-polyurethane composite electrode, increased with increasing graphite/polyurethane ratio.
Increasing the scan rate the peak current increased linearly with the square root of ν, consistent with the diffusion-limited redox reaction. The peak current in amperes for a diffusioncontrolled irreversible system is given by:
where the positive sign is for anodic and negative for cathodic redox reaction. The anodic and cathodic currents ratio for each electrode decreased with increasing graphite percentage, Table 1 . Also, increasing the graphite/polyurethane ratio the oxidation and reduction peaks shifted to less positive and negative values, respectively, Fig. 4B . Thus, the peak potential difference between the oxidation and the reduction peaks decreased in agreement with the increase of the system reversibility for higher graphite-polyurethane ratio.
Voltammetric results obtained with graphite-castor oil polyurethane composite electrode demonstrated that the 60 % graphite-polyurethane w.w -1 presented better reproducibility, mechanical and electric resistance, easy preparation and surface renovation [11] , and the results for the graphite-epoxy composite electrodes showed the best electroanalytical properties for the 60 % graphite-epoxy composition [6] .
Electrochemical Impedance Spectroscopy
Electrochemical impedance spectra (EIS) in 3mM K 4 Fe(CN) 6 Data from analysis of EIS, Table 2 , showed the R ct decrease in agreement with the increase of conductivity upon greater incorporation of graphite powder into the polyurethane matrix. The cell resistance, R Ω , showed small fluctuations with values between 10 and 6 Ω cm 2 .
Also, the interfacial capacitance, C, increased with graphite percentage due to an increase of the electroactive surface area per cm 2 and the formation of a more compact double-layer, whereas the increase of the heterogeneity parameter, α, is in agreement with the AFM results which show that the roughness of the polyurethane decreased after the incorporation of the graphite powder,
Fig. 3.
The smoother graphite-polyurethane surfaces were obtained for 60 % graphitepolyurethane w.w -1 . The diffusion resistance increased with the graphite powder incorporation, in agreement with the increase of the interfacial capacitance, due to the difficulty of the Fe(CN) 6 4- ions to diffuse through a more compact double-layer. Also, the electrode roughness is responsible for the capacitance and consequently for the diffusion resistance changes, since the surface is not uniformly accessible to mass-transfer. However, the diffusion process time constant magnitude was maintained.
Conclusions
The morphology of graphite-castor oil polyurethane composite electrodes with different weight percentages of graphite, 30 -70% graphite-polyurethane w.w The electrochemical characterisation of the graphite-castor oil polyurethane composite electrodes was performed in solutions of K 4 Fe(CN) 6 by CV and EIS. The CV showed that the potential difference between the oxidation and the reduction peaks decreased with increasing graphite-polyurethane ratio. A better peak resolution was observed for the electrode containing 60% graphite-polyurethane w.w -1 . The EIS spectra charge transfer resistance significant decrease with increasing the graphite content, and the capacitance increase due to an increase in the electroactive area of the electrode, was observed.
The AFM and voltammetric results enabled the conclusion that the 60% graphitepolyurethane w.w -1 was the optimal composition for preparation of the graphite-castor oil polyurethane composite electrodes. Fig. 7) . Spectra recorded at + 0.21V vs. SCE in 3.00 mM K 4 Fe(CN) 6 in 0.1 M phosphate buffer pH = 7.0. (A) 50% graphite-polyurethane w.w -1 composite at different scan rates.
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(B) 3D plot of different percentages graphite-polyurethane composite electrodes. 
